I. INTRODUCTION
T RANSPARENT conductive oxides (TCOs), such as zinc oxide (ZnO), tin oxide (SnO 2 ), and indium tin oxide (ITO), are now considered standard as contacts for thin-film silicon solar cells. The greater abundance of the nontoxic Zn in comparison to In and Sn makes ZnO a more economic and environmentally friendly option than ITO and SnO 2 . However, despite its conductivity being comparable with those in metals [1] , a Schottky barrier in series with the main junction of the solar cell but of opposite polarity is often found in some of the most common solar cell interfaces, such as ZnO/a-Si:H(p) and Aluminum doped ZnO (AZO)/a-SiC:H(p). Practical approaches to lower the Schottky barrier include the introduction of interlayers, such as μc-Si:H [2] - [4] , amorphous hydrogenated germanium [5] , amorphous tungsten oxide [6] , and a high-work function metal nanodots [7] at the TCO/p-type Si interface, but the most common approach to produce better contacts is to increase the tunneling transport mechanism via a high-doping concentration of the semiconductor. However, the existence of the Schottky barrier at the interface is often ignored in studies of solar cells, which impacts on their efficiency. Most of computer simulation studies attribute perfect ohmic properties to the TCO/p-type silicon interface, while only few of them [8] , [9] consider the existence of a Schottky barrier between the materials. Furthermore, circuit models of solar cells focus on the main junction, including phenomena such as multiple transport mechanisms depicted by the double-diode model [10] or recombination at the intrinsic region of a-Si:H cells [11] , However, in such cases, the cell contacts are often assumed to be ohmic and represented by parasitic resistances. A circuit model with a Schottky contact was successfully implemented for a CdTe solar cell [12] ; however, thermionic emission was assumed to be the dominant transport mechanism at the contact, neglecting the effects of tunneling that can be of significant importance for other technologies such as thin-film silicon. On the other hand, the effects of a Schottky barrier and the impact of tunneling transport on the performance of heterojunction [13] and a-Si:H solar cells [14] , [15] were previously considered in computer simulation studies in order to optimize the TCO/p-type Si interface without addressing the problems that may arise at the p/i interface due to band misalignment of the p-type material chosen. Nevertheless, their results are equally relevant in the current study of a mixed μc-Si:H/a-Si:H layer optimized to offer the maximum V OC . The results obtained here can be extended to other solar cell technologies with Schottky contacts.
II. EXPERIMENTAL DETAILS
Solar cells of area 1 cm 2 with the structure ZnO/p-layer/aSi:H(i)/a-Si:H(n)/ZnO/Ag, with p-layers made of 1) a-Si:H(p), 2) μc-Si:H(p), or 3) μc-Si:H(p)/a-Si:H(p) mounted on sodalime glass are used in this study. The thickness of the semiconductor layers is 1800, 15, 220, 25, and 1500 nm, respectively, with a tolerance of ±10%. A schematic diagram of the cell is shown in Fig. 1 . A high hydrogen/silane (H 2 /SiH 4 ) ratio of 600 was used for μc-Si:H(p) layers, whereas the ratio for a-Si:H(p) layers was 10. The doping concentration of the p-layers was implemented by controlling the trimethyl borane (TMB)/silane ratio B(CH 3 ) 3 /SiH 4 during deposition. The highly doped samples used in this study correspond to a standard TMB/silane ratio of 0.4. Highly doped ZnO with a rough surface was used to provide good light scattering. Electrical characterization of the samples was performed under standard test conditions (1 sun, A.M. 1.5). 
III. EQUIVALENT CIRCUIT OF THE SOLAR CELL
Absorption of photons in the intrinsic region of a thin-film silicon solar cell causes the release of electron-hole pairs. The electric field introduced by the p-type and n-type-doped layers causes these charges to separate from each other and flow into opposite directions through an external circuit. This behavior can be represented as a current source connected in parallel with a diode, whose parameters such as saturation current I 0 , main junction ideality factor n, and temperature T define the J-V characteristic of the solar cell. This simple-circuit model can be further improved by considering the series resistance R s and shunt resistance R p that represent internal losses and leakage current of the device, respectively. An improperly fabricated contact to the doped layers represents a Schottky diode D S in series with the common solar cell model as shown in Fig. 1 . As a consequence, there is a drop of voltage across the Schottky diode that affects the V OC . The current delivered to the load can be expressed by (1) , shown below, where the photocurrent of the cell can be approximated to the short-circuit current as
(1) Fig. 1 shows that the current flowing to the load is the same as the current flowing through the Schottky diode, which can be expressed by (2), shown below, where q is the elementary charge, k the Boltzmann constant, and V DS , I SS , and n 2 represent the drop of voltage, saturation current, and ideality factor of the Schottky diode, respectively. I SS is expressed by (3), shown below, with A being the area of the device, A * is the Richardson constant, which equals 32 A · cm −2 · K −2 for p-type silicon and 112 A · cm −2 · K −2 for n-type silicon, and Φ bp is the Schottky barrier height at the TCO/p-type silicon interface. The drop of voltage needs to be considered to complete the equivalent circuit of the solar cell as in (4), shown below: 
Ideally, R S should be equal to zero, while R P should tend to infinity. The saturation current I 0 of the main junction should be as small as possible to avoid deviation of the photocurrent to the load. On the other hand, the saturation current I SS of the Schottky diode should be high to reduce V DS . The ideality factor of the main junction can be found in the range 1 < n < 2, increasing as recombination in the junction increases. For a Schottky diode, an ideality factor equal to 1 (ideal diode) represents the dominance of thermionic emission over the barrier, and it tends to increase due to the contribution of multiple transport mechanisms. It is common to measure ideality factors greater than 2 for diodes with amorphous interfaces [16] or high-doping concentrations [17] attributed mainly to tunneling transport. Since ohmic properties are required for a solar cell contact, an interface with mismatched work functions such as ZnO/a-Si:H(p) should be designed to present an ideality factor as high as possible, in order to allow tunneling and prevent a drop of voltage at the contact compromising the V OC . This back-to-back diode configuration has been previously used to represent the main junction and back contact of CdTe/metal solar cells and to explain its rollover characteristics [12] , [18] , [19] . It has also been implemented as a PSPICE model to study the ITO/a-Si:H(p) and a-Si:H(p)/c-Si(n) junctions in heterojunction solar cells [20] . For the cited studies, it has been assumed that thermionic emission is the dominant transport mechanism of the Schottky diode, neglecting other forms of transport such as tunneling.
IV. COMPUTER SIMULATIONS
A simulation study of the solar cell was conducted in order to study the effects of the tunneling transport mechanism on the Schottky barrier at the ZnO/a-Si:H(p) and ZnO/μc-Si:H(p) interfaces. Here, the ZnO/p-type interface was considered as a Schottky contact, whereas the a-Si:H(n)/ZnO interface at the bottom of the cell was considered to be ohmic. Formation of the Schottky barrier is shown in Fig. 2 . This barrier is defined as the difference of the semiconductor valence band and the metal work function and is represented by (5), shown below, where E g and X S are the bandgap and electron affinity of the semiconductor, respectively, and φ M is the work function of the metal. A list of parameters used to define the different material layers found in the cell is shown in Table I . These values are commonly found in the literature and agree with our latest study [21] , where we examined the influence of boron doping concentration in the a-Si:H layer on the Schottky barrier height. However, in this study, the value of φ M for the contact was varied between 0 and 1 eV, to examine its influence for a more generic contact. Values of φ M for ZnO and and SnO 2 should be approximately 4.4 [8] , [22] , and 4.8 eV [8] , respectively, leading to smaller Schottky barrier height in the latter case
Transport of electron-hole pairs generated in the intrinsic region and recombination in the bulk are simulated with the drift diffusion [23] and Shockley-Read-Hall [24] , [25] models. Bandgap narrowing of silicon layers due to high concentrations of p-type dopants is also considered. The silicon layers were represented with a continuous density of states (DOS), which is composed of exponential functions as band tails entering into the bandgap and Gaussian distributions in the middle of the gap that represent dangling bonds in amorphous materials. These midgap states can be of two types: 1) donor-like charged for electrons but neutral for holes and 2) acceptor-like charged for holes but neutral for electrons.
Finally, the universal Schottky tunneling (UST) model [26] , [27] was introduced, since a key objective of this study is the consideration of tunneling transport at the ZnO/a-Si:H(p) and ZnO/μc-Si:H(p) interfaces. The advantage of this model is that it includes the contribution of both thermionic emission (I TE ) and field-emission (I TU ) currents at the contact node (see Fig. 2 ), as well as the transition from Schottky to ohmic as the doping concentration is increased. The I TE and I TU equations for the degenerate case are shown in (6) and (7), shown below, where A is the area of the device, f s and f m are the Maxwell-Boltzmann distribution functions for semiconductor and metal, respectively, ξ the carrier energy and ΔΦ bp a barrier lowering term. I TU is solved locally at grid locations that are near to the Schottky junction. Here, Δξ represents the energy difference calculated at the grids and T TL is the tunneling probability as shown by (8) , shown below, where m * is the effective mass, andh is the reduced Planck constant
T TL (ξ) = exp − 4 √ 2m * (qΦ bp − ξ) Fig. 4(d) . Ideally, the contact should be as in (a), where the offset between the ZnO contact and the valence band of the p-type layer is minimal, which implies a low-Schottky barrier height. This is simulated by declaring an ohmic interface for the contact, which automatically adjusts the contact work function to avoid an offset with the p-layer. A comparison of the band diagram between (b) μc-Si:H(p) and (c) a-Si:H(p) window layers shows the former to produce better contact with the ZnO layer due to a reduced Schottky barrier height of Φ bp = 0.45 eV, compared with Φ bp = 0.75 eV for the a-Si:H(p) case. However, even though the ZnO/μc-Si:H(p) interface produces better contact properties than the ZnO/a-Si:H(p) interface, the cell using a μc-Si:H(p) window layer shows the lowest V OC of the measured and simulated samples, and the reason for this drop of voltage can be explained as a consequence of the valence band offset between the μc-Si:H(p) a-Si:H(i) layers [28] . This misalignment at the p/i interface is not present for the a-Si:H(p) window layers. Therefore, there is a tradeoff between producing a good-quality ZnO/p or a p/i interface. Since μc-Si:H(p) produces a better contact with ZnO than a-Si:H(p), but a-Si:H(p) makes a better interface with the i-layer than μc-Si:H(p), it is natural to obtain the best cell performance by implementing a mixed μc-Si:H(p)/a-Si:H(p) window layer.
The J-V curve and energy band diagram for the cell with mixed window layers are shown in Figs. 3 and 4(d) , respectively. In this case, an optimized μc-Si:H(p)/a-Si:H(p) thickness ratio allows a low barrier height when in contact with the ZnO layer without compromising the p/i interface; hence, achieving higher V OC . The simulated value of V OC reaches a maximum for a 4/11 μc-Si:H(p)/a-Si:H(p) thickness ratio when the p-layer is kept constant at 15 nm, as shown in Fig. 5 . Here, the simulated μc-Si:H(p)/a-Si:H(p) ratio was varied as X/(15-X), where X is the μc-Si:H(p) thickness in nanometer. Fig. 4(a) and (c) have been previously discussed in [15] ; however, Fig. 4(b) and (d) , where a discontinuity exists at the p/i interface, or materials with different bandgaps are used, have not been addressed. The inclusion of (4c) and (4d) allows us a broader optimization study of window layers for thin-film silicon solar cells.
The analysis of the ZnO/p-type interface for thin-film silicon solar cells is not always clear, since common simulation studies of solar cells assume perfectly ohmic contacts to the semiconductor layers. Therefore, the output characteristics of the solar cell were simulated as a function of value of the Schottky barrier height. Here, the value of surface recombination for holes was taken to be 10 7 cm/s [13] . It can be seen in Fig. 6 that increasing the barrier height from the ohmic case to 1 eV has a detrimental effect on the V OC of the cell. Furthermore, irregular shapes of the J-V curve are observed in the inset for Φ bp > 0.50 eV. These irregular curves follow the behavior of a back-to-back diode model. Equations (2) and (3) obtained from the circuit analysis of Fig. 1 can be used to calculate the drop of voltage (V DS ) at the TCO/p-layer as a function of the Schottky barrier height, and it is observed that a value of Φ bp > 0.50 eV represents a considerable drop at the interface for practical solar cells, as shown in Fig. 7 . This is in close agreement with the results presented in [15] , where the illuminated forward bias curve is influenced by barriers higher than 0.6 eV approximately. It can also be seen that V DS is slightly dependant on the current flowing at the interface, where the maximum value of I equals I SC . However, even when a barrier in the range 0.7 < Φ bp < 0.9 eV is expected for the real case, this kink has not been observed in experiment and the V OC is not as low as in simulation either. It is found that the kink disappears only with the inclusion of tunneling transport mechanism. Fig. 8 shows the impact of the UST model on the simulated J-V curves. Constant values of [14] , [15] , were used to understand the effects of tunneling transport. The value of Φ bp = 0.75 eV is taken from our previous work [21] , and it was evaluated by performing simulations and J-V-T measurements of ZnO/a-Si:H(p) diode structures. In the absence of such dedicated test structures, it is also possible to approximate a value of Φ bp by applying the affinity rule when the electron affinity and bandgap of the semiconductor layer, and the work function of the metal contact are known. It is observed that even a high value of Φ bp = 0.75 eV matches the measured V OC without destroying the shape of the J-V curve provided the UST model is included. This result differs from [15] , where inclusion of direct hole tunneling has a minimal effect on the J-V curves. One possible explanation could be that other transport mechanisms, such as multistep tunneling or field-enhanced tunneling have not been considered in their study. This would agree with the assumption made in [14] , where it is mentioned that other types of tunneling can have a significant effect on performance of the solar cell. An increased tunneling transport would allow the existence of Schottky barriers heights greater than 0.50 eV without modifying the J-V curve, as it is the case of our experimentally measured barrier of 0.75 eV. The irregular behavior of the J-V curve is not evident for the μc-Si:H(p) case, due to a low Φ bp = 0.45 eV. Finally, Fig. 9 compares the measured J-V curves with the circuit model in (4) for different values of the Schottky diode ideality factor n 2 . Here, a variation of n 2 represents a variation in the transport mechanism at the contact from pure thermionic emission (n 2 = 1) to high tunneling (n 2 ≥ 2). Once again, the value of the Schottky barrier height was kept constant at Φ bp = 0.75 eV. The parallel resistance was calculated as R P = dV /dI when V = 0. The ideality factor of the p-i-n diode was calculated from the slope of the linear region of the solar cell dark J-V characteristics presented in a semilog scale as n = (q/kT)dV/dlnI, with I = JA, whereas the saturation current was evaluated from the vertical axis intercept of the linear region extrapolated to V = 0. Saturation current for the Schottky diode was calculated using Φ bp = 0.75 eV. It is observed that the V OC of the solar cell decreases as n 2 decreases. This demonstrates that increasing n 2 in the Schottky junction indicates a transition of a contact from Schottky to ohmic. A decrease of V OC is also observed with an increase of Φ bp (not shown here). A combination of Φ bp and n 2 helps to model the interface and its effects on V OC . In Fig. 9 , values of n 2 > 1.8 are consistent with the measured characteristics when a constant value of Φ bp = 0.75 eV is used.
VI. CONCLUSION
In summary, the Schottky barrier height and the adequate tunnel transport mechanisms need to be considered for a complete study of devices presenting nonideal interfaces, such as ZnO/aSi:H(p) in thin-film silicon solar cells. The effect of a Schottky interface with barrier higher than 0.50 eV has a detrimental effect on the V OC of the solar cell. This reduction of V OC can be avoided by increasing the tunnel transport using highly doped layers, or by inserting materials to reduce the Schottky barrier, although the materials chosen for a window layer need to be optimized to avoid energy band discontinuities at the ZnO/p and p/i interfaces, and to allow light to enter into the main p/n junction. A μc-Si:H(p)/a-Si:H(p) mixed layer is shown to be a good window layer with a low barrier height with ZnO and no discontinuity with the i-layer. Optimization of our 15-nm thick μc-Si:H(p)/a-Si:H(p) mixed layer gives best results for a 4 /11-nm ratio of thickness values.
